Protopalythoa is a zoanthid that, together with thousands of predominantly marine species, such as hydra, jellyfish, and sea anemones, composes the oldest eumetazoan phylum, i.e., the Cnidaria. Some of these species, such as sea wasps and sea anemones, are highly venomous organisms that can produce deadly toxins for preying, for defense or for territorial disputes. Despite the fact that hundreds of organic and polypeptide toxins have been characterized from sea anemones and jellyfish, practically nothing is known about the toxin repertoire in zoanthids. Here, based on a transcriptome analysis of the zoanthid Protopalythoa variabilis, numerous predicted polypeptides with canonical venom protein features are identified. These polypeptides comprise putative proteins from different toxin families: neurotoxic peptides, hemostatic and hemorrhagic toxins, membrane-active (pore-forming) proteins, protease inhibitors, mixed-function venom enzymes, and venom auxiliary proteins. The synthesis and functional analysis of two of these predicted toxin products, one related to the ShK/Aurelin family and the other to a recently discovered anthozoan toxin, displayed potent in vivo neurotoxicity that impaired swimming in larval zebrafish. Altogether, the complex array of venom-related transcripts that are identified in P. variabilis, some of which are first reported in Cnidaria, provides novel insight into the toxin distribution among species and might contribute to the understanding of composition and evolution of venom polypeptides in toxiferous animals.
Introduction
The phylum Cnidaria, which diverged from the Bilateria more than 600 million years ago, is among the first branches of life and encompasses thousands of species that predominantly inhabit marine environments. Traditionally, the cnidarians are divided into five classes (Ryland and Muirhead 1993; Marques and Collins 2004) : Hydrozoa (Hydra, Portuguese both of these epithelia, depending on the taxon (Fautin 2009) , and impart to the organism the abilities to self-defend against predators and to capture prey (Yoffe et al. 2012) . Despite the exceedingly simple basic body organization of cnidarians, Mackie (Mackie 2002) attributed the evolutionary success of the group to nematocysts, "the cnidarians' secret weapon," while the mixture of toxic substances that these nematocysts contain was reported by Mariscal (Mariscal 1974) as "among the largest and most complex intracellular secretion products known." Although there are more than 11,000 cnidarian species (Daly et al. 2007) , the vast majority of the currently reported toxins (approximately 300) were collected from a small number of well-studied species, including sea anemones, jellyfishes, sea wasps, and hydra (Brinkman and Burnell 2009; Sher and Zlotkin 2009; Frazao et al. 2012) , while the remaining toxic peptides and proteins of the anthozoans (e.g., Palythoa and Protopalythoa) remain understudied. Presently, the genetic backgrounds of several cnidarian species have been investigated using next-generation sequencing technology. For instance, transcriptome analysis identified novel genes from the coral Acropora palmate (Polato et al. 2011 ) and characterized a complex transcriptional response to environmental CO 2 -driven acidification in the coral Acropora millepora (Moya et al. 2012 ). Additionally, a large population of novel transcripts was identified in hydra by combining data from RNA sequencing with those from a whole-genome sequencing analysis (Wenger and Galliot 2013) . Likewise, the completion of the whole-genome sequencing of three cnidarians, namely, Nematostella vectensis, Hydra magnipapillata, and Acropora digitifera, provided a deeper understanding of the molecular genetics of these representative cnidarian species (Putnam et al. 2007; Chapman et al. 2010; Polato et al. 2011; Shinzato et al. 2011) .
In the present work, we studied the transcriptome of the colonial cnidarian Protopalythoa variabilis (class Anthozoa, subclass Hexacorallia, order Zoantharia, family Sphenopidae) in order to investigate the presence of peptide toxin-related components in its tissue. This species of zoanthid is found in the shallow waters of coral reefs along the Gulf of Mexico and the Caribbean up to the southernmost point of the Brazilian coast (Acosta et al. 2005; Boscolo and Silveira 2005; Fautin and Daly 2009; Rabelo et al. 2013) . In Brazil, Protopalythoa species preferentially inhabit the beach rocks and reefs of the Northeast region and commonly cohabit with other zoanthid species of the genera Zoanthus and Palythoa (Rohlfs De Macedo and Belé m 1994; Barradas et al. 2010) . A few studies in the field of pharmacology and toxicology have been conducted using the species P. variabilis, including the characterization of lipidic a-amino acids with pro-apoptotic activity (Wilke et al. 2009 (Wilke et al. , 2010 ) and of sulfonylated ceramides, which represent a new class of sulfur-containing lipids with an uncharacterized biological function (Almeida et al. 2012) . It is known that the symbiotic dinoflagellate species of Palythoa, which is a sister group of Protopalythoa, produces the potent non-nematocystic cytolytic and cytotoxic palytoxin, one of the most toxic non-peptide substances ever discovered (Shimizu 1983; Wu 2009; Bellocci et al. 2011) . Additionally, from Palythoa, a structurally unusual a-helical V-shaped neurotoxic peptide that inactivates the voltage-gated sodium (Na v ) channels and interferes with neurotransmission was recently elucidated (Lazcano-Perez et al. 2014) . Considering that (1) bioactive and toxic polypeptides have been isolated and characterized from other cnidarians (Lazcano-Perez et al. 2012) and (2) so little is known about the supposed venom-related peptide precursors in zoanthids, we applied Illumina sequencing technology to cover the full transcriptome of P. variabilis to identify transcripts encoding animal peptide toxins. Transcriptome annotation revealed a stunning repertoire of predicted venom-related precursors that have structural relationships with various known toxin families in venomous and poisonous animals. In support of these findings, a functional validation of two novel P. variabilis peptides, one belonging to the ShK/Aurelin family of K + -ion channel blockers and the other to the novel anthozoan neurotoxin family, demonstrated their lethality to zebrafish, in which they caused neurotoxicity and disturbed locomotion. To the best of our knowledge, this is the first study of a zoanthid transcriptome to report a presumable basal core of venom-related polypeptides in a zoanthid.
Materials and Methods

Sample Collection
Samples of P. variabilis ( fig. 1A) were collected from colonies in the beach-rock bands of Porto de Galinhas, Pernambuco, Brazil (8 30 0 20 00 S, 35 00 0 34 00 W) during low tide. P. variabilis specimens were quickly washed in distilled water, chopped with scissors and pooled together immediately in 10 volumes of RNAlater (Life Technologies, USA) for RNA preservation. After storage at 4 C for 48 h, the RNA-preserving solution was drained, and the tissue was kept at À80 C until processing. The minced P. variabilis tissue was powdered with a porcelain mortar and pestle under liquid nitrogen, and the total RNA was purified using TRIzol reagent (Life Technologies, USA) according to the manufacturer's protocol.
Library Preparation and RNA Deep Sequencing Using Illumina Technology
The Protopalythoa variabilis library for deep RNA sequencing was prepared according to a standard protocol established by the Beijing Genomic Institute-BGI (Shenzhen, China). Initially, polyadenylated RNA sequences were isolated using oligo(dT). Single-stranded 5 0 -RNA adaptors were ligated to mRNA fragments using T4 RNA ligase (Ambion, Austin, TX, USA) and then reverse transcribed into cDNA using Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Then, a 3 0 -DNA adaptor was ligated to the digested DNA fragments after digestion with MmeI, and the products were amplified using PCR. Finally, 90 bp pair-end RNA deep sequencing (RNA-seq) was performed on a HiSeq 2500 automatic sequencing platform at BGI, China.
Data Processing, Assembly, and Assessment
The paired-end reads that were generated using RNAsequencing on Illumina technology were filtered by an inhouse C ++ script with the aim of excluding low-quality (bases below Q20 quality and/or with unknown nucleotides) and duplicate reads. The Illumina software was used to eliminate the adaptor sequences. The trimmed and cleaned-up reads were assembled using the Trinity program pipeline (Haas et al. 2013) . Briefly, all of the sequenced reads were mounted in silico into contigs, and paired-end information was used to construct scaffolds. The unknown bases were filled with Ns, and non-redundant transcripts were then acquired using TGICL (Pertea et al. 2003) . This Transcriptome Shotgun Assembly (TSA) project was deposited at DDBJ/EMBL/GenBank under the accession GCVI00000000, associated with the BioProject PRJNA279783 and biosample SAMN03450566. The version described in this paper is the first version, GCVI01000000.
In order to assess transcriptome assembly quality, all reads were initially aligned to the assembled transcripts using Burrows-Wheeler Aligner (BWA) (Version: 0.7.7-r441) (Li and Durbin 2010) . Then samtools (Version: 0.1.19-44428cd) (Li et al. 2009 ) and bedtools (Version: 2.17.0) (Quinlan and Hall 2010) were applied to evaluate the depth and coverage of alignment. The transcripts which were mapped with at least ten reads and covered more than 80% were retained for the transcriptome analysis.
Functional Annotation of P. variabilis Transcriptome All of the transcripts that were generated from the assembly process were annotated using BLASTx (Mount 2007) based on similarity with entries that have been structurally and functionally characterized and are maintained in the National Center for Biotechnological Information (NCBI), the non-redundant protein sequence UniProtKB/Swiss-Prot, the Kyoto Encyclopedia of Genes and Genomes (KEGG) and the Cluster of Orthologous Groups (COG) databases. The E-value threshold was 1EÀ5.
Identification of Toxin-Like Polypeptides in the P. variabilis Transcriptome To identify potential peptide toxins, toxin-like and venomauxiliary polypeptides from P. variabilis, a comprehensive three-steps selection pipeline was established, initiating with a pre-screening, followed by a domain/motif sequence comparison, and then a phylogenetic analysis ( fig. 1B) . Briefly, all of the transcripts were compared using BLASTx to an exclusive database for toxins and venom proteins in the UniProt Animal Toxin Annotation Program (http://www.uniprot.org/program/ Toxins, last accessed February 2015), restricting the E-value to 1EÀ5. The resulting putative polypeptides were considered positive if the presence of the toxin motif or family domain (partial or complete) could be confirmed in their predicted sequence. This validation step relied on a BLASTp (version 2.2.30+) comparison using the toxin family domain HMM profile consensus sequence, as well as a profile search using the toxin family domain HMM profile with HMMER v3.1b2 (http://hmmer.org/) (Choo et al. 2004 ). Exceptions are described in the supplementary table S4, Supplementary Material online. The last identification step consisted of a Maximum Likelihood method based tree inference of the selected toxin domain/motif sequence, with a bootstrap test of 500 replicates using MEGA (Kumar et al. 2016) . The resulting phylogenetic trees were visualized and produced using the 
Sequence Alignment
Multiple sequence alignments of in silico-translated toxin-related sequences were performed using MUSCLE v3.8.31 (Edgar 2004) or Kalign v2.04 (Lassmann et al. 2009 ) whether the toxin domain/motif was a single or repeated structural units, respectively. The amino acid sequence identities and similarities were highlighted by Jalview 2.9.0b2 (Waterhouse et al. 2009 ).
Modeling and ProBiS Analysis of P. variabilis Toxin-Related Polypeptides Two different methods, MODELLER (Eswar et al. 2006 ) and PEP-FOLD (Thevenet et al. 2012) , were used to predict the 3D models of putative toxin-related polypeptides from translated transcript sequences of P. variabilis based on the available coordinates of the already-known structures of similar toxins. In almost all cases, the structures of same-family toxins were suitable for use as templates for homology modeling using the MODELLER software. For the predicted novel anthozoan neuropeptide toxin from P. variabilis, a short polypeptide for which no structural information is currently available, the PEP-FOLD de novo structure prediction server was used. The visualization of known proteins structures and structural models of P. variabilis putative toxin-related polypeptides was achieved using the VMD program v1.9.2 (Humphrey et al. 1996) . To predict the binding sites of the 3D structures of toxin-related proteins, the ProBiS server was used (Konc and Janezic 2012) .
Signal Peptide Prediction
The presence of signal peptide motif in the protein precursor sequences of P. variabilis was predicted and compared using both the Signal-BLAST with the detection mode set as "Balanced Prediction" (Frank and Sippl 2008) and SignalP with the default D-cutoff value (Petersen et al. 2011 ).
Synthesis of the P. variabilis ShK/Aurelin-like Peptide and the Novel Anthozoan Neurotoxin-Like Peptide Sequences of the novel mature ShK/Aurelin-like peptide (i.e., TGGSCVDRNQKCRNWTRYCSYHPYVRANCKKTCRLC) and the novel anthozoan neurotoxin-like peptide (KYWILNVPASVCDEYCWSQMLLLGISSVSISV) were retrieved from the P. variabilis transcriptome and synthesized by solid phase chemistry; a purity grade of greater than 95% was obtained, confirmed by the presence of a single peak in analytical reverse-phase HPLC and mass spectrometry analyses (Cellmano Biotech Limited, Hefei, China). Complete deprotection and cleavage were performed with trifluoroacetic acid in water. The crude peptides were precipitated out by adding chilled ether. Then, the final peptides were purified by HPLC and freeze-dried for storage and further study.
Zebrafish Maintenance
Wild-type zebrafish (AB strain) were used in this study. Embryos were collected after natural spawning and maintained at 28.5 C in embryo medium (13.7 mM NaCl, 540 mM KCl, 25mM Na 2 HPO 4 , 44mM KH 2 PO 4 , 300mM CaCl 2 , 100 mM MgSO 4 , and 420 mM NaHCO 3 , pH 7.4). The Animal Research Ethics Committee, University of Macau, granted ethical approval for the animal experiments.
Toxicity of P. variabilis ShK/Aurelin-like Peptide and Novel Anthozoan Neurotoxin-Like Peptide toward Zebrafish Larvae Zebrafish larvae at 3 days post-fertilization (dpf) were separated in 24-well plates (12-15 larvae per well). For the toxicity test of ShK/Aurelin-like peptide, 3-dpf fish larvae were exposed to 1-mL solutions with increasing concentrations of P. variabilis ShK/Aurelin-like peptide (ranging from 5 to 20 mM, i.e., 0, 5, 10, 15, and 20 mM). For the toxicity test of novel anthozoan neurotoxin-like peptide, 3-dpf fish were exposed to 1-mL solutions with increasing concentrations (ranging from 0.3 to 30 mM, i.e., 0, 0.3, 1, 3, 10, 30) of P. variabilis novel anthozoan neurotoxin-like peptide for three different durations (5 min, 20 min, and 24 h). The acute toxicity and mortality of zebrafish were determined by monitoring the absence of a heartbeat under a light microscope. The survival rates were calculated as the percentage of surviving larvae in relation to the total number of treated larvae.
Zebrafish Locomotion Test
Zebrafish embryos at 6 dpf were incubated with 10 mM P. variabilis ShK/Aurelin-like peptide for the indicated durations. Zebrafish larvae at 6 dpf were transferred into 96-well plates (one larva per well and 12 larvae per group). Zebrafish showing signs of excessive stress upon handling (such as rapid and disorganized swimming or immobility for 2 min) were discarded. The experiments were performed in a calm, sealed area. The swimming behavior was monitored by an automated video tracking system (Viewpoint, ZebraLab, LifeSciences, France). The 96-well plates and camera were housed inside a Zebrabox, and the swimming pattern of each fish was recorded in three sessions of 15 min each. The total distance moved was defined as the distance (in millimeters) that a zebrafish moved during one session (15 min). A statistical analysis of the total distance traveled by each zebrafish larva in the different treatment groups was performed using an ANOVA and Dunnett's test.
Results and Discussion
The majority of our knowledge on cnidarian toxic components is mainly derived from sea anemones (Frazao et al. 2012) , hydra (Sher and Zlotkin 2009) , and the deadly jellyfishes (Brinkman and Burnell 2009; Brinkman et al. 2015) .
The exotic appearance of cnidarians, particularly from the class Anthozoa, attracts the attention and curiosity of intruders and collectors that invade their habitat and make contact with these exquisite marine organisms. Eventually, undesirable health problems occur as a consequence of improper handling. For example, aquarists that commercialize these wild marine animals and remain in close contact with them suffer from intoxication with palytoxin (Deeds et al. 2011) or with a number of yet uncharacterized toxins. Because Cnidaria species have thrived successfully in oceans for millions of years, we aimed to characterize the presumable primordial toxic polypeptide precursors that are potentially expressed in P. variabilis by analyzing its transcriptome. The present study has allowed us to identify a repertoire of transcripts related to toxic polypeptides and other venom-related proteins that share molecular and structural characteristics with toxins of other species of cnidarians and animals of distinct phyla as well.
General Features of P. variabilis Transcriptome All P. variabilis samples, collected from a single location, were pooled together as we aimed to report the global venom composition found in this zoanthid species rather than comparing variations among individuals. The transcriptome sequencing yielded a total of 67,549,914 raw paired-end reads with a length of 90 nucleotides (nt). After eliminating adaptor sequences, duplicated sequences and low-quality reads, the remaining 60,891,368 clean reads were assembled using two assembly runs into 126,441 transcripts (supplementary fig. S1 and Table S1 , Supplementary Material online). Sequence alignment of clean reads against assembled transcripts using BWA indicated that 58,916,865 (87.22%) reads could be mapped to the assembled transcripts. Furthermore, the depth and coverage assessment of alignment using samtools and bedtools showed that 121,877 transcripts were mapped at least ten reads and in which more than 80% of sequences were covered by reads. For 53,950 transcripts (~42%), BLASTx identified significant similarity with known proteins available from the Swiss-Prot, COG, KEGG, and NCBI nr databases (supplementary fig. S2 and Table S2 , Supplementary Material online). In total, approximately half (i.e., 48%) of the annotated transcripts shared 14-40% similarity with the protein sequences of distinct species (supplementary fig. S2A , Supplementary Material online). Based on fixed E-value distributions, 41% of the annotated transcripts fit between 1EÀ5 and 1EÀ15, and 21% between 1EÀ15 and 1EÀ30 (supplementary fig. S2B , Supplementary Material online). In terms of the distribution of species with similar transcriptomes, nearly 25% of these annotated transcripts have protein sequence counterparts in the starlet sea anemone Nematostella vectensis (supplementary fig. S2C , Supplementary Material online), one of the most ancient lineages of cnidarians (Rodriguez et al. 2014) .
Concerning the general functions of P. variabilis transcripts, a total of 18,762 transcripts shared significant sequence similarity with the annotated proteins available in the COG database, being grouped into 25 functional categories (supplementary fig. S3 , Supplementary Material online). A significant proportion of translated transcripts code for precursors associated with DNA replication, recombination, and repair; ribosomal structure and biogenesis; and translation. From the KEGG database, 333 pathways were mapped and retrieved, containing 34,468 P. variabilis transcripts. From these pathways, more than 300 metabolic routes fit in the top 20 KEGG pathways (supplementary Table S3 , Supplementary Material online), including almost 3,000 unigene-encoding proteins involved in the biosynthesis of secondary metabolites.
Identification of Toxin-Like Polypeptides in P. variabilis Transcriptome Initially, 1556 transcripts whose translated sequences are similar to the protein sequences of toxins were found in P. variabilis during the pre-screening step (supplementary table S4, Supplementary Material online). Using the bioinformatics pipeline depicted in figure 1B, 1554 transcripts were first assigned to a repertoire of sequences in the UniProt animal toxin annotation project database. In complement to the UniProt animal toxin database, the sequence of a novel neurotoxin peptide from P. caribaeorum species (Lazcano-Perez et al. 2014) was included and used to retrieve one additional transcript using BLAST against our P. variabilis sequences. Moreover, the Pfam annotation, based on the protein domain motif, of the whole P. variabilis transcript revealed one more transcript with a Stichodactyla toxin (ShK) domain. In order to confirm the number and quality of the P. variabilis toxin-like sequences with higher confidence, the pre-selected sequences were filtered to remove false positives through an additional BLAST and HMMER analysis against the toxin family Pfam. Out of the initially retrieved 1556 contigs, 690 were confirmed with the presence of total or partial toxin family domain(s) in their respective translated products. Finally, the last stringent step consisted of a maximum likelihood inference of the toxin domain/motif in order to retain only transcripts whose products were related to a toxin clade. Whenever applicable, the similarity of protein structures was validated with ProBiS (supplementary table S4 and supplementary file S1, Supplementary Material online).
Essentially, the identified putative toxin-related polypeptides were categorized into six main groups (table 1) . The neurotoxic peptides, with five transcripts related to four toxin families, is the most represented group, followed by the membrane-active peptides, the hemostatic and hemorrhagic toxins, the protease inhibitors, the venom-associated enzymes with mixed functions, and the venom auxiliary proteins. The transcripts encoding these predicted toxin-related polypeptides according to the aforementioned toxin categories are listed in supplementary table S5, Supplementary Material online.
Neurotoxic Peptides and Proteins
Putative peptides of transcripts similar to four neurotoxin families were identified in the P. variabilis transcriptome, namely, turripeptide, ShK, three-finger toxin, and a novel anthozoan neurotoxin-like peptide (Table 1) .
Turripeptide-Like
Originally discovered in turrid gastropods (Duda et al. 2001 ), a turripeptide-like peptide was also reported recently in marine annelids (von Reumont et al. 2014 ) and box jellyfish (Brinkman et al. 2015) . Two sequences exhibiting similarity to turripeptide-like neurotoxin were found in the P. variabilis transcriptome with a greater than 30% identity. Similar to conotoxins, turripeptides are variable in size and structure and are classified with respect to their cysteine framework. The putative turripeptide type found in P. variabilis has the cysteine framework IX (C-C-C-C-C-C), structurally similar to members of the conopeptide P-like superfamily. Phylogenetic analysis of the Kazal domains shows that the relationship of the putative P. variabilis turripeptide to two different turripeptide clades, which suggests we could be in presence of isoforms divergence ( fig.  2A ) with 56% identity between both domain sequences (supplementary fig. S4 , Supplementary Material online).
ShK/Aurelin-Like Peptide Toxin
ShK is a 35-residue peptide sequence that was first discovered in the sea anemone Stichodactyla helianthus and can block voltage-gated potassium channels (Castaneda et al. 1995) . Through Pfam domain/motif screening, we identified in the transcriptome of P. variabilis one transcript containing the Stichodactyla toxin (ShK) domain (Pfam ID: PF01549). BLASTp and HMMER validations resulted in 29% identities and an expected accuracy of 0.97 using the HMM profile of the family domain. The predicted P. variabilis toxin-like is located in the clade of the toxic ShK peptides ( fig. 2B ) and the ProBiS result of the modeled structure of the putative P. variabilis ShK-like peptide showed that the protein aurelin (PDB ID: 2LG4) was the second best match based on Z scores (supplementary file S1, Supplementary Material online). Aurelin is a known antimicrobial peptide that was identified from the mesoglea of the scyphoid jellyfish Aurelia aurita (Ovchinnikova For each analysis, on the left panel is a depiction of the protein domain organization of the respective protein families used in the phylogenetic inference. The region used for the analysis is highlighted with a red box. On the right, the resulting consensus phylogenetic tree was inferred by using the Maximum Likelihood (ML) method from 500 bootstrap replicates. The bootstrap percentage values are shown next to the branches. Toxin and non-toxic clades are colored in blue and gray respectively, with the P. variabilis IDs written in et al. 2006), with structural and spatial conformation similar to that of ShK. The domain alignment of the predicted Protopalythoa ShK-like peptide with Aurelin revealed that both amino acid sequences have a percentage identity of 38%, with the conservation of the six cysteine residues, which stabilizes the structure of the ShK domain by forming three disulfide bridges. These structural attributes and the predicted structural model of P. variabilis ShK-like peptide is illustrated below ( fig. 8) .
Three-Finger Toxin-Like
One translated P. variabilis transcript shared proper sequence similarity with the snake venom TFT Toxin_1 domain region (Pfam ID: PF00087). This domain displays the closest similarity with the snake toxin sequence TFT MALT0070C (UniProt ID: F5CPE6) from the venom gland of Micrurus altirostris (CorreaNetto et al. 2011) . The TFTs encompass a large family of toxic polypeptides from snake venom; these polypeptides are mainly monomeric and are characterized by the archetypical three b-strand loops constrained by four disulfide bonds, spatially resembling fingers protruding from a core. Despite minor but critical structural variations, TFTs evolved to produce an array of pharmacological activities and targets, such as neurotoxins (a-neurotoxins, b-cardiotoxins, muscarinic toxins, and Ca 2+ -channel blockers), acetylcholinesterase inhibitors, cytotoxins (cardiotoxins), platelet aggregation inhibitors, coagulation factor inhibitors, heparin binders, and K + -channel, and integral-receptor ligands (Kini and Doley 2010; Kini 2011; Utkin 2013 ). The multiple sequence alignment and phylogenetic relationship of the putative P. variabilis TFT-like Toxin_1 domain with related sequences indicate structural similarity with MALT0070C and Bucandin ( fig. 2C and supplementary file S1, Supplementary Material online). Using ProBiS for binding site prediction indicated similarity between the structural conformation of binding sites of the P. variabilis TFT-like sequence and that of Bucandin, a TFT from the venom of the elapid Bungarus candidus (PDB ID: 1F94) (supplementary file S1, Supplementary Material online).
Anthozoan Neurotoxin-Like
This peptide has neurotoxic activity, exerting its effect by inactivating the voltage-gated sodium channel subtype 1.7, and was purified and characterized from the tissue of the P. caribaeorum (Lazcano-Perez et al. 2014 ). This recently isolated neurotoxin is a 32-residue-long sequence with two cysteine residues that are involved in the formation of a single intrachain disulfide bridge and an unusual V-shape a-helical structure. A direct BLAST search against all of our contigs identified a similar predicted neurotoxin sequence in the P. variabilis transcriptome. The overall structural topologies of the main a-helix of both neurotoxic peptide sequences are perfectly superposed and are depicted below ( fig. 9 ).
Hemostatic and Hemorrhagic Toxins
This group comprises three P. variabilis predicted homologs of animal venom components that, separately or in combination, are known to interfere with hemostasis and the associated vasculature physiology, such as angiogenesis, capillary permeability, blood pressure changes, and bleeding (table 1).
C-Type Lectin-Like
Two contigs with a putative protein product with a C-type lectin domain (Pfam ID: PF00059) were found in the P. variabilis transcriptome. C-type lectins in venom are associated with hemagglutination, inflammatory response, and hemostasis. Two main toxin groups containing C-type lectin domain comprise the true venom lectin and the snake C-type lectin (snaclec) families. Accordingly, both putative P. variabilis protein products are phylogenetically related to the snaclec toxins ( fig. 3A) .
Snake Venom VEGF-Like
The P. variabilis transcriptome contains one predicted sequence similar to that of the snake venom VEGF domain (VEGF-F) (Pfam ID: PF00341) of the snake toxin barietin (UniProt ID: C0K3N1) (Yamazaki et al. 2009 ). Although distinct, the predicted P. variabilis toxin-like polypeptide displays close phylogenetic relationship with sequences in snake venom VEGF toxin clade, compared to other non-toxic VEGF domains ( fig. 3B ). The multiple sequence alignment (supplementary fig. S7 , Supplementary Material online) showed that the putative P. variabilis VEGF-like peptide shares common features with known snake venom VEGF sequences but Multiple sequence alignment of the ShK domains was achieved with Muscle. ML tree inferred based on a WAG + I+Gamma substitution model. Multiple sequence alignment of the ShK domain from the predicted P. variabilis protein sequence with selected toxin is available in the figure 8A. (C) TFT-like. Multiple sequence alignment of the UPAR_LY6/Toxin_1 domains was achieved with Kalign. TFT and Ly6/uPAR protein families were already reported as structurally similar (Tirosh et al, 2013; Tsetlin, 2015) . ML tree inferred based on a WAG + I+Gamma substitution model. Multiple sequence alignment of the Toxin_1 domain from the predicted P. variabilis protein sequence with selected toxin is available in the supplementary figure S5 , Supplementary Material online.
with an identity that is low (28%) in the VEGF domain compared to that of toxin barietin, but close to that expected (commonly 29-64%) for VEGF-Fs (Yamazaki et al. 2009 ). The structural model was submitted to the ProBiS server and indicated that this anthozoan VEGF homolog possesses the typical binding site of VEGF for the cognate receptor (supplementary file S1, Supplementary Material online). Interestingly, we also discovered transcripts coding for the VEGF receptor in Protopalythoa, as well as the putative non-venom VEGF-C (data not shown). This finding is intriguing in the light of the physiological role of VEGF-like polypeptides in Protopalythoa and their relation with organismal venomics.
Protease Inhibitors
Another class of venom-related components identified in the P. variabilis transcriptome that might contribute to a presumable polypeptide toxin repertoire comprises precursors coding for protease inhibitors of Kunitz-type and thyroglobulin type-1 (table 1) . Venoms commonly contain several kinds of protease inhibitors that, with the exception of cystatin, which is mostly non-toxic, display diverse pharmacological effects, including neurotoxicity.
Kunitz-Type-Like
The retrieval of one transcript predicting a polypeptide similar to Kunitz-type protease inhibitor, demonstrates the potential presence of protease inhibitor in the pharmacological cocktail of P. variabilis. Several members of the Kunitz-domain family have been characterized from marine and terrestrial organisms (Mourao and Schwartz 2013) . These peptides display dual functions (protease inhibition and/or ion channel blockade) depending on their structural characteristics. In sea anemones, homologs of Kunitz-type protease inhibitors are classified as type II toxins that are used for defense by protecting organisms from endogenous proteases and causing paralysis in prey by blocking several voltage-dependent potassium ion channel subtypes. Despite the fact that all venom Kunitz-type protease inhibitors are constituted of a single Kunitz/Bovine pancreatic trypsin inhibitor (BPTI) domain (Pfam ID: PF00014), they together form several distinct clades. The putative P. variabilis Kunitz-domain precursor splits in the clade of the sea snail Kunitz-type serine protease inhibitor conotoxins ( fig. 4A ). The amino acid sequences shares 45% identity with a conserved cysteine framework of type IX (C-C-C-C-C-C) (supplementary fig.  S8 , Supplementary Material online), also seen in the turripeptide precursor above described.
Thyroglobulin Type-1 Protease Inhibitor-Like One P. variabilis polypeptide was found to be similar to ctenitoxin ( fig. 4B, supplementary fig. S9 , Supplementary Material online). Ctenitoxin is a thyroglobulin type-1 protease inhibitor that was isolated from the venom gland of the Brazilian spider Phoneutria nigriventer. Generally inhibiting cysteine proteases, the thyroglobulin type-1 protease inhibitor can also exhibit inhibitory activity against aspartic proteases and metalloproteases (Mihelic and Turk 2007) .
Membrane-Active Polypeptides
A proportion of the predictable toxic components from the transcriptome of P. variabilis encompass proteins that target cell membranes. We detected putative precursors that might be able to damage cell membrane via different mechanisms (table 1) .
Actinoporin-Like
These toxins represent a major class of pore-forming toxins (cytolysins) that were discovered in sea anemones (Anderluh and Macek 2002) and are categorized as type II cnidarian cytolysins or b-pore forming proteins (b-PFPs) that induce hemolysis. In sea anemones, several isoforms have been identified in distinct species (Anderluh and Macek 2002; Frazao et al. 2012) . With a molecular size of approximately 20 kDa, they are cysteine-free, compact b-sandwich structures, flanked by a-helices at N-and C-termini, that specifically interact with sphingomyelin, olygomerize on cell surfaces and perforate eukaryotic membranes causing cell lysis and death (Bakrac et al. 2008 ). Actinoporin family is basically composed of two subfamilies: the conoidea subfamily that groups toxins from sea snails, and the sea anemone-like subfamily that combines toxins from different anthozoan species, including our P. variabilis precursor (fig. 5A ). The putative P. variabilis actinoporin precursor exhibits a highly conserved sequence when compared to sea anemone actinoporins and display all of the structural attributes that are required for biological activity (supplementary fig. S10 Generally, actinoporins from cnidarians and actinoporin-like proteins (ALP) from mollusks are detrimental to erythrocyte membranes and cause severe hemolysis (Anderluh and Macek 2002; Kawashima et al. 2003; Gunji et al. 2010) . The actinoporin-like predicted sequence of P. variabilis represents a newly added member of the ALP family of b-pore-forming toxins that was previously reported in sea anemones (actiniarians) and hydra (hydrozoans) but is now identified in zoanthids.
Helofensin-Like
Toxins of the helofensin subfamily are members of the bdefensin family, which includes antimicrobial peptides that are present in the tissue of diverse organisms, including mostly mammals but also the anthozoan Nematostella (Putnam et al. 2007) . One contig was found in the P. variabilis transcriptome and was validated by BLASTp but not by HMMER (supplementary table S4, Supplementary Material online). A possible explanation for this discrepancy is that the HMM profile uses the whole b-defensin family and not the more specific helofensin subfamily. Phylogenetic analysis shows the relationship of the P. variabilis predicted toxin-like sequences with helofensins ( fig. 5B ).
MACPF-Like
Another important type of membrane-active polypeptide predicted from the P. variabilis transcriptome includes a MACPFlike protein. Phylogenetic inference of the MACPF domain shows that the predicted P. variabilis product branches into the toxin clade ( fig. 5C ). MACPF domain-containing proteins are pore-forming polypeptides and toxins that are found in a diverse range of organisms. They are components of the host immune system and are hemolytic agents of cnidarian venom. The putative P. variabilis MACPF-like precursor bears a high structural resemblance to AvTx-60, a lethal MACPF toxin that was isolated from the venom of the sea anemone Actineria villosa (Oshiro et al. 2004 ). The retrieved putative P. variabilis MACPF-like nucleotide sequence is not complete, but it covers the second half of the mature AvTX-60A protein, including the last half of the MACPF domain, as well as the EGF domain (supplementary fig. S12 , Supplementary Material online). This predicted P. variabilis MACPF-like toxin appears here as the first example of a MACPF pore-forming polypeptide described in an anthozoan other than sea anemones. These results reinforce our findings that membrane-active cytolysins and perforins might be significant contributors to the supposed toxic molecular weaponry of P. variabilis tissue that induces damage to the cytoplasmic membranes of target cells of predators or unwary victims.
Mixed Function Enzymes
Transcripts of P. variabilis were found that encode phospholipases A2 (table 1) . Phospholipases A2 (PLA2) are enzymes that can hydrolyze phospholipids into fatty acids and other lipophilic substances, and they play key roles in regulating signaling during numerous cellular events. Members of the PLA2 family are disseminated in the venom of numerous animals that exert multiple biological and pharmacological effects, including neurotoxicity, cytotoxicity, and platelet aggregation as well. In the P. variabilis transcriptome, three transcripts were found that encode putative PLA2s. The superfamily of PLA2s is complex and, in mammals, comprises eleven groups of secretory PLA2s (Murakami and Kudo 2002) . Secretory PLA2s are also highly disseminated venom components among animals of different kingdoms, from type-III cytolysins in sea anemones to acidic, basic, and neutral PLA2s in snake venoms (Anderluh and Macek 2002; Kini 2003) . Of the three predicted PLA2-like proteins from the P. variabilis transcriptome, one of them forms a distinct clade with other anthozoan sequences and the cone snail's Conodipine-M, this latter an unique representative until now of the PLA2 group IX subfamily ( fig. 6 and supplementary fig. S13 , Supplementary Material online). Conodipine-M, as a novel phospholipase A2, was first isolated from the venom of the marine snail Conus magus (McIntosh et al. 1995) and can inhibit the binding of isradipine to L-type calcium channels. In the basis of multiple alignments, the Conodipine-M-like peptide of P. variabilis shared a relatively high similarity with Conodipine-M of Conus magus. The functional domain scanning of Pfam and multiple sequence alignment revealed that the key domain region of this peptide was quite shorter than that of other common PLA2, while our P. variabilis' sequence has extra residues in the C-terminal region (supplementary fig. S13 , Supplementary Material online). The two other predicted sequences were found more closely related to sequences from centipede and sea anemone toxic PLA2s ( fig. 6 ). In hydra and sea anemones, PLA2s were characterized by structure and potency comparable to those of snake venom PLA2s (Sher and Zlotkin 2009; Frazao et al. 2012) . In hydrozoa, PLA2 corresponds to type IV cytolysins, which were detected in nematocysts and tentacle extracts (Brinkman and Burnell 2009) . Differential and high levels of PLA2 activity were also observed in the tissue extracts of four classes of cnidarians, which appear related to innate immunity against microbes and to the capture and digestion of prey (Nevalainen et al. 2004 ). Thus, due to the known broad spectrum of pharmacological activities of snake venom PLA2s (e.g., neurotoxic, myotoxic, necrotizing, hemolytic, anticoagulant, hypotension, and edematous), a presumed contribution of cnidarian PLA2s to a toxic weaponry of P. variabilis against predators should not be underestimated.
Venom Auxiliary Proteins
The putative protein sequences of venom protein 302 were herein identified and classified into a group of venom-auxiliary proteins from P. variabilis transcriptome (table 1). Venomauxiliary proteins are assumed to be transcribed and compartmented in the venom glands or secreted in the venom to facilitate the secretion, processing, stabilization, or spreading of toxic peptide components. Venom protein 302 was initially identified from Lychas mucronatus (Ruiming et al. 2010) . 
Toxicity Validation Assays Using Zebrafish Model
To evaluate the effectiveness of our toxin-mining strategy in elucidating the P. variabilis transcriptome and venomlike components, an in-house established in vivo model with zebrafish larvae was used to confirm the toxicity of putative P. variabilis ShK/Aurelin-like and novel anthozoan neurotoxin-like peptides. We first elected to validate ShK/ Aurelin-like peptide ( fig. 8 ) because it is a known potent neurotoxin from animals, such as sea anemones, that specifically blocks neural ion channels. The novel anthozoan neurotoxin-like peptide ( fig. 9 ) contains a segment structurally identical to a V-shapped neurotoxin that was recently characterized from Palythoa, a genetically close relative to P. variabilis species. 
P. variabilis ShK/Aurelin-Like Peptide
The zebrafish toxicity test indicated that the mortality of the zebrafish increased linearly when they were exposed to augmented concentrations of synthetic P. variabilis ShK/Aurelinlike peptide ( fig. 8C ). No significant effect on the survival rate was observed in zebrafish groups that were exposed to peptides at 5 and 10 mM. However, treatment of the zebrafish with 15 and 20 mM of P. variabilis ShK/Aurelin-like peptide resulted in survival rates of 77% and 38%, respectively. None of the zebrafish survived when the peptide concentrations was 30 mM or higher. Therefore, the lethal dose of the P. variabilis ShK/Aurelin-like peptide LD50 that was calculated for zebrafish was between 15 and 20 mM. Furthermore, the Display of the Aurelin toxin structure retrieved from PDB (PDB ID: 2LG4) and the model structure of the P. variabilis peptide predicted using MODELLER with the 2MCR PDB template. Disulfide bridges are in yellow. (C) Survival rates of zebrafish larvae (3 dpf) exposed to various concentrations of the P. variabilis ShK/Aurelin-like peptide for 12 h. Values are expressed as the means ± SEM. ***P < 0.001 vs. control. The control group (0 mM) value was set to 100% and used to adjust the values from the other concentrations. (D) The P. variabilis ShK/Aurelin-like peptide attenuates the locomotion of zebrafish larvae. Zebrafish larvae at 6 dpf were incubated with 10 mM P. variabilis ShK/Aurelin-like peptide during for indicated durations. After treatment, the larvae were collected to carry out locomotion tests using the Viewpoint Zebrabox system, and the total distance moved in 10 min was computed (locomotion readout above each exposure time). Each treatment group contained 12 larvae, and three independent trials were performed for each larva. The results represent the mean distance traveled by the larvae. The values are expressed as the means ± SEM. *P < 0.05 and ***P < 0.001 versus control (no exposure to the peptide) were considered statistically significant. zebrafish locomotion test showed that the total distance that was travelled by the zebrafish larvae decreased significantly after exposure to 10 mM of peptide (figs. 8D and 9). These data indicate that the ShK/Aurelin-like peptide of P. variabilis is a potent neurotoxin that severely disturbs the locomotion (swimming) of zebrafish at concentrations as low as 10 mM.
P. variabilis Anthozoan Neurotoxin-Like Peptide
The toxicity test of 3-dpf fish for 5 min indicated no significant effect on the survival rate when the zebrafish groups were exposed to synthetic novel anthozoan neurotoxin-like peptides at 0.3, 1, 3, and 10 mM. However, treatment of the zebrafish with 30 mM peptide resulted in a sharp decrease in the survival rate ( fig. 9C "5 min" ). The test of 3-dpf fish that were treated for 20 min showed that the fish were not affected by the peptides at 0.3 or 1 mM. The viability dramatically decreased when the 3-dpf fish were treated at 3 mM, and the lethality rate reached 100% when the 3-dpf fish were exposed to the peptides at 10 and 30 mM ( fig. 9C "20 min") . Furthermore, the 3-dpf fish that were treated for 24 h at 0.3 and 1 mM were not affected, but none could survive at 3, 10, or 30 mM ( fig. 9C "24 h" ).
Venom and Zoantharians
The majority of the venom-related transcripts that were retrieved from the P. variabilis transcriptome predicted precursors with detectable putative signal peptides (supplementary table S4, Supplementary Material online). The presence of leader sequences in these putative P. variabilis toxin precursors indicates that the presumed venom-like components are "tagged" for secretion. The identification of transcripts that code for venom auxiliary proteins, such as calglandulin, astacin-like metalloprotease and cystatin, suggests some level of specialization of P. variabilis tissue for the biogenesis of "venom" proteins. Interestingly, Anderluh et al. (2000) reported what they named the "cnidocyte signal": a consensus protein motif (ppX [DE] hEAKR, where p = polar; h = hydrophobic; and X = any amino acid residues) that would drive cnidarian toxins to cnidocytes in cnidoblast cells. We have tried to identify such a sorting signal within the full-length sequences of the P. variabilis putative toxin precursors, but no similar consensus motif was observed. However, the presence of a predicted signal peptide indicates that potential toxic polypeptide components might be compartmentalized in P. variabilis cnidocytes or might accumulate in specific organelles or groups of cells in anthozoan tissue. In fact, in sea anemones, toxins are not only located and released from nematocysts but also are maintained in other stores from which they are delivered, such as ectodermal gland cells (Anderluh and Macek 2002; Frazao et al. 2012) . In cnidarians, as exemplified by hydrozoans, non-nematocystic toxins that cause cytolysis and paralysis are normally expressed in other tissues of the organism (Sher and Zlotkin 2009) .
From a chemical ecology standpoint, the array of putative toxins that were undisclosed in the P. variabilis transcriptome are highly likely to be employed as an anti-predatory armamentarium rather than toxic formulations for active prey capture. Several species of fishes and turtles are reportedly potential predators of zoanthids, including reef fishes from the Abrolhos Bank in eastern Brazil (Francini-Filho and de Moura 2010) and the hawksbill turtle that forages on colonies of P. caribaeorum in southern Brazil (Lundin and Lindé n 2007) . Consequently, P. variabilis may rely on neurotoxic, hemorrhagic, and membranolytic toxins as molecular weapons to fend off predators. Moreover, the trophic ecology of P. variabilis demonstrated a suspensivorous feeding behavior (personal communication) that is similar to that of Palythoa caribaeorum along the Pernambuco Coast (Northeast Brazil) (de Santana et al. 2015) . In contrast, the marine annelids of the genus Glycera that were once believed to be detritivorous were recently repositioned as an effective predator after the transcriptomic description of the complex cocktail of toxin precursors that are present in the Glycera venom gland (von Reumont et al. 2014) . Although marine annelids and cnidarians belong obviously to relatively distant taxa and have, at first glance, distinct feeding behaviors, they encode several common toxic polypeptides, such as actinoporins and ShKdomain neurotoxins.
At present, there is a debate regarding how exactly toxins that originated from widespread body proteins duplicate and become restrictively expressed in venom gland tissues; there is a discussion comparing the duplication and recruitment hypothesis (convergent duplication) with the duplication and restriction explanation (Hargreaves et al. 2014) . Considering this debate and the data from the present study, it appears plausible that the duplication of modular toxin-related domains, followed by restrictive functionalization to specialized venom cells and tissues, occurs within the realm of toxin evolution. Hence, the analysis of the repertoire of venom-related transcripts and their putative encoded polypeptides in basal marine organisms, such as the anthozoan Protopalythoa, offers important clues concerning how the early toxin arsenal evolved, how it develops within the body "compartments" of metazoan species, and how modern venomous animals restricted deadly toxins and venom proteins to specialized tissues. Last but not least, the identification of putative venom-related polypeptides and toxins in the P. variabilis transcriptome, such as actinoporin, MACPF, helofensin-like, also suggests that these putative polypeptide components might have derived from effectors of the innate immunity system with primordial roles of helping these marine organisms to thrive in a harsh aquatic environment.
Conclusion
The diversity of putative toxic polypeptide sequences in Protopalythoa variabilis based on a transcriptome analysis was greater than initially expected. The presumed toxic armamentarium of P. variabilis appears to have a complex representation of toxin families like seen in hydrozoans, jellyfishes and sea anemones. The functional validation of transcribed P. variabilis neurotoxin precursors (i.e., the novel ShK/Aurelinlike peptide and the anthozoan neurotoxin-like peptide) provides insight into the existence of a zoanthid pharmacological peptide arsenal that might function as deterrent of marine vertebrates (e.g., fishes and turtles). Evidently, a standardized comparative study using a similar analytical procedure would provide a more complete understanding of the composition of such potential anthozoan toxic weapons and known toxin cocktails from other cnidarians. In summary, the putative P. variabilis toxin-related repertoire includes potentially neurotoxic components, hemorrhagic toxins and membrane-disrupting/pore-forming proteins that, in combination, might function as an efficacious anti-predatory formulation, inducing severe dysfunctions in the body system, such as neurotoxicity, hemorrhage, and generalized cytotoxicity. These effects are also potentially harmful to vertebrate victims that inadvertently come into contact with this apparently inoffensive marine organism that harbors a secret, ancient recipe of encoded peptide toxins and toxin-related protein precursors.
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